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DNA ends exposed after introduction of double-strand breaks (DSBs) undergo 59-39 nucleolytic degradation to generate single-stranded DNA, the substrate for binding by the Rad51 protein to initiate homologous recombination. This process is poorly understood in eukaryotes, but several factors have been implicated, including the Mre11 complex (Mre11-Rad50-Xrs2/NBS1), Sae2/CtIP/Ctp1 and Exo1. Here we demonstrate that yeast Exo1 nuclease and Sgs1 helicase function in alternative pathways for DSB processing. Novel, partially resected intermediates accumulate in a double mutant lacking Exo1 and Sgs1, which are poor substrates for homologous recombination. The early processing step that generates partly resected intermediates is dependent on Sae2. When Sae2 is absent, in addition to Exo1 and Sgs1, unprocessed DSBs accumulate and homology-dependent repair fails. These results suggest a two-step mechanism for DSB processing during homologous recombination. First, the Mre11 complex and Sae2 remove a small oligonucleotide(s) from the DNA ends to form an early intermediate. Second, Exo1 and/or Sgs1 rapidly process this intermediate to generate extensive tracts of single-stranded DNA that serve as substrate for Rad51.
DSBs are potentially lethal lesions that can occur spontaneously during normal cell metabolism or by treatment of cells with DNAdamaging agents. If unrepaired or repaired inappropriately, DSBs can lead to mutagenic events such as chromosome loss, deletions, duplications or translocations. The Mre11 complex (Mre11-Rad50-Xrs2/NBS1) is rapidly recruited to DSBs, signals checkpoint activation through Tel1/ATM kinase and regulates 59-39 resection of the DNA ends [1] [2] [3] . The intrinsic Mre11 nuclease activity is essential for processing ends blocked by covalent adducts, such as Spo11 or hairpin-capped ends, but appears to be less important for processing HO endonuclease-induced DSBs [4] [5] [6] [7] . Sae2/CtIP/Ctp1 interacts with the Mre11 complex, and Sae2 deficiency is phenotypically similar to loss of the Mre11 nuclease activity [6] [7] [8] [9] [10] . The functions of the Mre11 complex and Sae2 in processing DSBs are partly redundant with the 59-39 double-strand exonuclease, Exo1 (ref. 11) . In the absence of Exo1 and Sae2, 59-39 resection of DSBs is reduced, but resection and homologous recombination still occur, suggesting the existence of at least one other factor in DSB processing 12 .
Here we demonstrate a function for the Saccharomyces cerevisiae RecQ helicase homologue, Sgs1, in DSB processing. As the Sgs1 homologue in humans, BLM, maintains genome integrity and guards against cancer predisposition 13 , our findings suggest that some of the defects observed in individuals with Bloom's syndrome could be due to altered processing of DSBs.
Sae2 and Exo1 function at different steps in resection
We developed a single-strand annealing assay (SSA), which is inherently sensitive to defects in DSB resection, to identify genes required for this process 14 . The assay uses tandem repeats of the ade2 gene, one of which contains a recognition site for the I-SceI endonuclease (Fig. 1a ) 15 . The strain also harbours a GAL1p-I-SCEI fusion to provide regulated expression of the nuclease. After induction of I-SceI, homology-dependent repair can occur by gene conversion directed by the uncut allele, or by SSA 4 . SSA requires extensive 59-39 degradation (about 7 kilobases (kb) in this case) to expose complementary single-stranded DNA (ssDNA) followed by Rad52-dependent annealing of the repeats. After trimming residual ssDNA tails and gap filling, recombinants form with loss of one of the repeats and the intervening sequence. In the rad51D mutant, gene conversion is eliminated, leaving repair of the DSB by SSA as the alternative mode 16 . The efficiency of SSA can be assessed by the plating efficiency of strains on medium containing galactose (YPRaf/Gal) to induce constitutive expression of I-SceI. Changes in the kinetics of SSA can be evaluated by Southern blot analysis of NheI/EagI-digested genomic DNA.
The plating efficiency of the rad51D strain on YPRaf/Gal was the same as on medium containing glucose (YPD), and Ade 1 recombinants were evident by formation of white colonies (Fig. 1b) . By physical analysis, DSB fragments appeared 1 h after inducing I-SceI expression and were then processed to form the SSA product visible at 2 h and accumulating to 80% of the total DNA after 24 h (Fig. 1c) . 59-39 resection past the EagI and NheI sites results in loss of the cut fragments. Therefore, increased stability of the cut fragments indicates a delay or reduced rate of processing. Although the DSB fragments produced in the rad51D exo1D mutant were processed with similar kinetics as in the rad51D mutant, there was a delay in SSA product formation and reduced yield. In the rad51D sae2D strain, the DSB fragments persisted for longer, but the deletion products still appeared at 2 h and accumulated to 50% of the total. The phenotypes of sae2D and exo1D mutants, stability of cut fragments and delay in product formation, respectively, were additive in the rad51D exo1D sae2D mutant strain, resulting in a substantial defect in SSA and a twofold reduction in plating efficiency on YPRaf/Gal plates (Fig. 1) . To characterize the formation of ssDNA, DNA samples were applied to nylon membranes in the native or denatured state, and tested for ability to hybridize to a probe adjacent to the DSB. This analysis revealed similar amounts of ssDNA adjacent to the break site in rad51D exo1D and rad51D strains at early time points, whereas a decrease was observed in the rad51D sae2D mutant (Fig. 1d) . ssDNA persisted in the rad51D exo1D mutant, consistent with the observed delay in SSA product formation. These results are in line with a model in which Sae2 starts DSB processing to produce an early intermediate that is rapidly matured by the processive nucleolytic activity of Exo1. In the absence of Sae2, a smaller subset of DSBs is acted on directly by Exo1 yielding SSA products at the same time, but with lower yield than found in the presence of Sae2.
DSB processing requires Sgs1 in the absence of Exo1
The presence of SSA products in the exo1D sae2D mutant suggests at least one other activity is operative in DSB processing. The missing factor is not Mre11 because SSA products still form in mre11D, mre11D exo1D, and mre11D exo1D sae2D mutants ( Supplementary  Fig. 1 ). The nuclease-defective mre11-H125N mutant was slightly less defective than sae2D, by itself or with exo1D (data not shown). One possible mechanism for DSB processing would involve a helicase in conjunction with a single-strand-specific endo-or exonuclease. In Escherichia coli, the RecQ 39-59 helicase and RecJ 59-39 exonuclease function in DSB resection in the absence of the dominant RecBCD processing activity 17 . Therefore, we considered the possibility that the RecQ homologue of S. cerevisiae, Sgs1 (refs 18, 19) , might fulfil a similar redundant function. The rad51D sgs1D mutant showed a delay in SSA ( Fig. 2 and Supplementary Fig. 2) ; however, the rad51D exo1D sgs1D strain was completely deficient, as evidenced by the greater than 1,000-fold decrease in plating efficiency on YPRaf/Gal medium (Fig. 2a) . Furthermore, there was no detectable deletion product by Southern blot analysis, even 24 h after I-SceI induction (Fig. 2b) . Notably, in the rad51D exo1D sgs1D mutant novel intermediates were observed with slightly faster mobility than the DSB cut fragments. These became more smeared over time, suggesting very slow processing. We were unable to analyse the sae2D sgs1D double mutant because of a synthetic growth defect 20 . The SSA assay requires more extensive resection than is likely to be required for Rad51-dependent strand invasion. To determine whether the partly processed intermediates that accumulate in exo1D sgs1D strains are proficient for gene conversion, we analysed DSB processing in RAD51 derivatives by a mating-type (MAT) switching assay. In this assay, DNA samples are digested with StyI to detect HO endonuclease cleavage and gene conversion products by Southern blot analysis (Fig. 2c ) 21 . The exo1D and sae2D mutants exhibited slight defects in the efficiency of repair, whereas the sgs1D single mutant appeared normal ( Fig. 2d and Supplementary Fig. 3 ). In the exo1D sgs1D double mutant, the DSB fragment was processed to yield an intermediate with faster mobility than the cut fragment. This persisted for several hours, as we had observed in the SSA assay. Despite the defect in DSB processing, the 1.8-kb gene-conversion product was still detected, although with reduced efficiency (20%) compared with wild type and the single mutants. This suggests very short ssDNA tails are sufficient to initiate Rad51-dependent gene conversion. To determine whether the helicase activity of Sgs1 is important for DSB processing, plasmids expressing wild-type or helicase-defective alleles of SGS1 were used to transform the exo1D sgs1D double mutant, and the resulting strains tested for MAT switching or SSA proficiency 22 . As anticipated, the SGS1 plasmid rescued the SSA and gene conversion defects of the sgs1D exo1D mutant, but the helicase-defective sgs1-K706A allele failed to complement sgs1D in these assays (Fig. 2) . Previous studies have shown the steady-state level of the Sgs1-K706A protein to be similar to wild type 22 . Therefore, the helicase activity is required for DSB processing by Sgs1. The lack of full complementation by SGS1 in the MAT-switching assay could be due to plasmid loss in some of the cells in the population.
Resection is attenuated in the exo1D sgs1D strain To measure resection of 59 strands directly, we analysed HO-induced DSB fragments by restriction digestion and alkaline gel electrophoresis (Fig. 3a) . Processing of the HO-induced break renders the DNA single-stranded and resistant to digestion with restriction enzymes, resulting in a ladder of bands of higher molecular mass 21 . By using RNA probes specific for the 39 and 59 strands to the right of the HO cut site, resection of the strands can be monitored. A rad51D background was used for this analysis to prevent engagement of the intermediates in repair.
The probe specific for 39 strands detected extensive resection of the HO-induced break in the rad51D strain (Fig. 3b) . In the rad51D exo1D mutant, the first two ssDNA intermediates were formed with normal kinetics. However, the products indicative of extensive resection were delayed, resulting in accumulation of the r2 intemediate, suggesting Sgs1-dependent resection is less processive (Supplementary Fig. 4 ) 5 . The extent and timing of resection in the rad51D sgs1D mutant were similar to the rad51D strain. In contrast, only a faint band corresponding to resection beyond the first StyI site was detected in the rad51D exo1D sgs1D strain. Detection of a discrete band corresponding to degradation beyond the first StyI site and failure to detect products smaller than the cut fragment suggest the 39 ends are intact in the rad51D exo1D sgs1D mutant. This was confirmed by using a probe specific for the 59 strand. No intermediates were detected in the rad51D exo1D or rad51D sgs1D mutants, presumably because of the rapid degradation of 59 ends. However, a smeared product was detected with faster migration than the 700-base-pair (bp) cut fragment in the rad51D exo1D sgs1D mutant, consistent with the severe resection defect. Interestingly, the smear does not occur immediately below the cut fragment, suggesting there is an initial endonuclease cleavage step that removes about 50-100 nucleotides from the 59 end.
Two-step mechanism for DSB processing
The results presented above suggest that after formation of a DSB, the ends are trimmed by an endonuclease to an intermediate form, which is subsequently processed by Exo1 or Sgs1. The Mre11 complex and Sae2 are likely to be involved in the initial processing step because DSB fragments are stabilized in mre11D and sae2D mutants, and recent studies have shown Mre11-dependent processing of DSBs to form short ssDNA oligonucleotides 23 . Furthermore, Sae2 has an endonuclease activity that is stimulated by the Mre11 complex 24 . We attempted to generate exo1D sgs1D mre11D or exo1D sgs1D sae2D triple mutants, but these were inviable ( Supplementary  Fig. 5a, b) ; the exo1D sgs1D mre11-H125N triple mutant was also inviable. A conditional sae2 allele was created in the exo1D sgs1D background by expressing endogenous SAE2 from the P tet promoter, Figure 3 | Single-stranded intermediates fail to form in the absence of Exo1 and Sgs1. a, Representation of the method used to detect single-stranded intermediates after 59-39 resection of the MAT locus, showing the positions of the HO cut site, the probe and the StyI (S) and BstXI (B) sites. Processing of the HO-induced break renders the DNA single-stranded and resistant to digestion with restriction enzymes, giving rise to distinct sets of fragments 21 . b, Alkaline electrophoresis of StyI/BstXI-digested genomic DNA: ssDNA intermediates formed after the resection of the HO-induced break were detected by using 39-or 59-specific riboprobes. The bracket indicates the smeared 59-terminated strands observed in the rad51D exo1D sgs1D mutant.
this strain also expresses the tetracycline-controlled trans-activator (tTA) to repress transcription of SAE2 by growth in the presence of doxycycline 25 . The exo1D sgs1D P tet -SAE2 strain was viable in the absence of doxycycline, indicating normal function. By western blot analysis, the Sae2 protein was depleted 4 h after addition of doxycycline to the growth medium ( Supplementary Fig. 5c ). In the absence of doxycycline, the DSB fragment generated by HO cleavage at the MATa locus was still processed to the faster mobility form; however, in the presence of doxycycline, the unprocessed 0.7-kb cut fragment persisted for more than 6 h and no MATa repaired products were detected (Fig. 4a) . The cut fragments were also stabilized in the SSA assay in the absence of Sae2, even 24 h after I-SceI induction, confirming the block to resection (Fig. 4b) . These results show the initial processing step is Sae2 dependent. Gene conversion occurs in the sgs1D P tet -SAE2 strain in the presence of doxycycline, which confirms Exo1 is sufficient for DSB processing in the absence of Sgs1 (Supplementary Fig. 5d ).
Conclusions
We have identified the key factors that are essential for generating 39 single-stranded tails in DSB processing. In agreement with previous studies, the Mre11 complex and Sae2/CtIP have a critical role, but our findings suggest this function is limited to an early step in the reaction (Fig. 5) . It is possible that the Mre11 complex and Sae2 fail to bind efficiently to the processed ends, preventing repeated cycles of cleavage. This initial cleavage event could be important to prevent binding by the Ku complex and subsequent repair by end joining, and to provide a substrate for Sgs1, which shows higher affinity for 39 tailed substrates than blunt ends 26 . The intermediate thus formed is rapidly processed by either the 59-39 exonuclease activity of Exo1 or by Sgs1 helicase (Fig. 5) . We assume Sgs1 functions with a singlestrand-specific nuclease to remove the 59 strand. The essential nuclease, Dna2, is a candidate to function in resection because conditional mutations exhibit synthetic growth defects with exo1D and sgs1D 27 . That Sgs1 acts at this early step is unexpected because genetic studies have implied a role for it after Rad51 action, and biochemical studies have shown the human BLM protein to dissociate D-loops and double Holliday junction intermediates [28] [29] [30] . However, BLM localizes rapidly to sites of laser-light-induced DSBs, suggesting an early role in repair in addition to dissolution of recombination intermediates 31 . As all of the factors involved in resection in yeast are evolutionarily conserved, these findings suggest a general mechanism for DSB processing in eukaryotes.
METHODS SUMMARY
The yeast strains used were derivatives of W303. Details of their construction are provided in Methods. Physical analyses of mating-type switching and detection of single-strand intermediates at the MAT locus were as described previously 5, 21 . For the SSA assay, strains were grown to mid-log phase in medium containing lactate as a carbon source; I-SceI was induced for 1 h by addition of galactose to the growth medium. Samples were removed at the indicated times for DNA analysis. Genomic DNA was digested with NheI and EagI, and analysed by Southern blots using an ADE2 probe. Full details are provided in Methods. For measurement of plating efficiency of strains containing the SSA reporter, cells were grown to exponential phase in YPLactate, then serially diluted (1:10) and spotted on solid rich medium with glucose (YPD) or galactose (YPRaf/Gal). The plates were incubated for 3 days and then scanned.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. 34 . Details of the primers used for gene disruption and confirmation are available on request. To create strain LSY2041, a PCR fragment amplifying the tet-SAE2 cassette from YAR1006 (gift of A. Rattray) was transformed into W1588-4C. A PCR fragment amplifying a 13-Myc tag from plasmid pFA6a-13Myc-TRP1 (ref. 35 ) was transformed into LSY2041 to generate strain LSY2077. Strains containing the ade2 direct repeat were generated by crossing LSY1430 (ref. 15 ) to strains within the laboratory collection to produce haploid progeny of the indicated genotypes.
Plasmids containing the wild-type or helicase-defective SGS1 were provided by R. Rothstein. pEM-SGS1 and pEM-sgs1-K706A were created by moving the SGS1-containing KpnI/SacI fragment from plasmids pSM100 and pRS415-sgs1-K706A, respectively, into the multiple cloning site of pRS316. Media, growth conditions, and genetic methods. Media, growth conditions and genetic methods are as described previously 36 . Hygromycin B (Sigma) to 300 mg ml 21 was used for selection of the hphMX4 cassette. Doxycycline (Sigma) was used to 20 mg ml 21 final concentration in the conditional Sae2 experiments. G418 (Sigma) to 200 mg ml 21 was used for selection of the kanMX cassettes. Physical analysis of mating-type switching. Strains to be tested were transformed to Trp 1 with HO-expressing plasmid, pFH800 (ref. 37) . Trp 1 transformants were grown in 5 ml of SC medium lacking tryptophan (SC-Trp) for 18 h. Cells were harvested, washed with water and used to inoculate 200 ml of SCRafTrp. Cultures were grown to an optical density at 600 nm (OD 600 nm ) of 0.3-0.4, a 50-ml sample was removed (t 5 0 h) and galactose was added to the medium to a final concentration of 2%. One hour later, the cultures were harvested, washed and re-suspended in 200 ml of SCRaff-Trp 1 2% glucose. Samples (40 ml) were removed at 1-h intervals after induction for DNA analysis. Cells were harvested by centrifugation and the cell pellets were stored at 220 uC. DNA was extracted, digested with StyI, and DNA fragments were separated by electrophoresis through 1% agarose gels. DNA fragments were transferred to nylon membranes and hybridized with a PCR fragment generated by amplification of MAT sequences distal to the HO-cut site (coordinates 201176-201580 on chromosome III sequence). For the conditional Sae2 experiments, the same protocol was followed except that before addition of galactose, the cells were pre-treated with 20 mg ml 21 doxycycline for 6 h to ensure full repression of Sae2 expression. To quantify the repair efficiency, we compared the intensity of the gene conversion product to the total intensity of the lane, using ImageJ (National Institutes of Health, USA). This ratio was then corrected for the HO cutting efficiency for each experiment. The cutting efficiency was quantified by using a set of primers that specifically annealed to Ya and Z2 sequences and amplified only the uncut substrate. PCR conditions for log-linear region amplification were used, and PCR was performed using as templates genomic DNA from t 5 0 h and t 5 2 h. In the same PCR reaction, a second set of primers with the same annealing temperature but unrelated target locus was used as loading control. The PCR products were analysed on agarose gels and the intensity of the bands was quantified using ImageJ. For each time point, we calculated the ratio of uncut MAT/control, designated as x. The ratio of x 2 h /x 0 h provided the percentage of uncut MATa that, when subtracted from 1, gave the cutting efficiency. Physical analysis of single-strand annealing. Strains to be tested were grown in 5 ml of SC-Trp. Cells were harvested, washed with water and used to inoculate 200 ml of YPLactate (3%) medium. Cultures were grown to an OD 600 nm of 0.3-0.4, a 50-ml sample was removed (t 5 0 h) and 16.8 ml of 20% galactose were added to the medium. One hour later, the cultures were harvested, washed and resuspended in 200 ml of YPLactate 1 2% glucose. Samples were removed at 1-h intervals after induction for DNA analysis as described above. DNA was digested with NheI/EagI, and DNA fragments were separated by electrophoresis through 0.8% agarose gels. DNA fragments were transferred to nylon membranes and hybridized with a 3.7-kb BglII fragment of the ADE2 locus. The final SSA product was quantified by the ratio of the intensity of the SSA product to the whole intensity of the lane. For the conditional Sae2 experiments, the same protocol was followed, except that before addition of galactose, the cells were pre-treated with 20 mg ml 21 doxycycline for 6 h. Dot-blot analysis. DNA samples were applied to nylon membranes in the native or denatured state. Total genomic DNA was used for the native and denatured samples, 1 mg versus 0.1 mg, respectively, after adjusting the concentration to 103SSC. Samples were transferred to nylon membranes using a dot-blot apparatus. The membrane was ultraviolet cross-linked, and the blots were hybridized with the ADE2 probe. The signal of the dots was quantified by scanning the optic density of each dot using ImageJ. Alkaline electrophoresis. ssDNA intermediates were analysed by alkaline gel electrophoresis as described 21 , and the blots hybridized with single-stranded probes complementary to the 59 or 39 strand. The probes were obtained by in vitro transcription using Epicentre Riboscribe T7 synthesis system and plasmids pEM-MAT or pEM-TAM as templates. The plasmids were obtained by cloning a MAT locus PCR fragment (coordinates 201176-201580 on chromosome III sequence) into pGEM-T Easy (Promega) in either orientation. To quantify the r2 band over time in different strain backgrounds, we plotted the ratio of intensity of the r2 band to the intensity of an unrelated locus as a loading control. Western blot analysis. Whole-cell extracts were analysed by SDS-polyacrylamide gel electrophoresis, and Sae-Myc was detected using anti-c-myc antibody (Sigma).
